The solubility, induction period and nucleation parameters of pure and amino acids like L-arginine, L-lysine and L-alanine doped potassium dihydrogen phosphate (KDP) crystals have been determined. Solubility study of pure and amino acids doped KDP crystals were carried out for different temperatures. The induction period was measured at different supersaturation level. The nucleation parameters like interfacial tension, radius of critical nucleus and energy of formation were calculated based on the classical theory of nucleation. Values of different parameters were found to be larger for amino acid doped crystals than pure KDP crystal.
Introduction
Recently, potassium dihydrogen phosphate (KDP) crystals have created considerable interest because of its Piezo-electric, electro-optic, nonlinear optical properties and its extensive application in X-ray monochromators [1, 2] . Amino acid family crystals also exhibit excellent electro-optic and nonlinear optical properties. Review of literature shows that some of the technologically important crystals doped with amino acids for improved material characteristics like nonlinear optical and ferroelectric properties are observes. Enhancement of second harmonic generation (SHG) efficiency has also been reported by doping of amino acids like L-arginine [3] , Llysine [4] and L-alanine [5] into KDP crystals. The characteristics of pure, L-arginine, L-lysine and L-alanine doped KDP crystals viz. FT-IR, powder XRD, SHG, UV-vis, TGA and dielectric study have already been reported in our earlier papers [3] [4] [5] . Present work is aimed to grow KDP crystals doping with L-arginine, L-lysine and L-alanine (0.3 weight% to 0.5 weight%) to study their effects on the nucleation parameters.
Experimental Procedure

Doping Process
The doping of amino acids (L-arginine, L-lysine and Lalanine) into KDP (AR grade) were carried out by adding 0.3, 0.4 and 0.5 weight percentage powder form of amino acid into 1 molar 100 ml solution of KDP in double distilled water. The mixtures were thoroughly stirred for 1 hour for homogenization.
Solubility Studies
It is desirable to study the solubility of the material in a suitable solvent before proceeding for the crystal growth. In the present work, solubility of pure and different amino acids doped KDP crystals was determined in water for different temperatures. The solutions of pure and doped KDP crystals were kept at a constant temperature bath of HMG INDIA having an accuracy of ±0.1˚C with constant stirring. 100 ml solution of each sample was taken to measure the dissolved solute. For this, double distilled water was used as a solvent throughout the experiment. Same process was repeated for different temperature. Different weight percentages, i.e. 0.3 wt%, 0.4 wt% and 0.5 wt% amino acids (L-arginine, L-lysine and L-alanine) were added and the solubility was measured.
Determination of Induction Period
The time required achieving supersaturation or supercooling and the appearance of crystal nucleus in a supersaturated system is known as the induction period. De-pending upon the solubility of the material, one can choose the appropriate technique available in order to determine induction period. For example, if materials have low solubility, the conductivity and turbidity methods are suitable. On the other hand, for materials with high solubility, the dilatometer and direct vision methods are used. This has been discussed extensively by several authors [6] [7] [8] .
In the present study, the experimental technique used to measure induction period is the modification one used by Mullin, Joshi and Antony [9, 10] . The supersaturated solutions of both the pure and amino acids doped KDP crystal were prepared at 35˚C in accordance with the available solubility data of KDP crystal. In order to ensure that any unwanted metallic or non metallic impurity do not effect in the nucleation process, an AR grade KDP powder and double distilled water were used. For this, aqueous solutions of various supersaturated concentrations were prepared. The volume of solution taken for each experiment was 100 ml. The mixture was then heated a few degree above the saturation temperature (35˚C) with stirring to achieve homogeneous concentration. The solution was cooled to the required degree of supersaturation. The supersaturated solution of equal volume was then kept in a specially design glass vessel as shown in Figure 1 . The glass vessel was 20 cm in length, with 1.7 cm and 0.4 cm top and neck diameter respecttively. This is noticed worthy that a constant temperature bath was used for this purpose.
Once the nucleation occurred, it grew quickly and a bright sparkling crystal was seen at the bottom of the vessel. The time of observation of the sparkling crystal in the vessel from the time at which the solution reaches the saturation temperature gives the induction period of nucleation. These experiments were performed at selected degrees of supersaturation(C/C * ), viz. 1.2, 1.3, 1.4 and 1.5, where C is the concentration of solute in supersaturated solution at the saturated temperature and C * is the saturated concentration. For each supersaturation level average value of three trials were recorded to ensure the accuracy. The experiments were reported for 0.3 wt.% to 0.5 wt.% doping of L-arginine, L-lysine and L-alanine 
Results and Discussion
The classical homogeneous nucleation theory has been successfully verified for different crystal systems. Paul and Joshi [11] studied the effect of supersaturation on the induction period of KDP crystal. They calculated the surface energy of 546 erg cm-2 at the phase boundary which separates the growing crystals from the solution. Shanmugham et al. [12] studied the nucleation of KDP crystal. The nucleation rates were studied for supersaturated solution of potassium dihydrogen orthophosphate with and without the addition of soluble impurities in the temperature range from 20˚C to 40˚C. They also discussed the effects of temperature, supersaturation and impurity content more extensively. The interfacial tension, energy of formation and critical radius of nuclei were calculated on basis of classical nucleation theory. It was found that the selected soluble impurities such as K 2 CO 3 , K 2 PO 4 , K 2 C 2 O 4 , Na 2 B 4 O 7 and K 2 CrO 4 were responsible to enhance the nucleation rate of KDP crystals. More on, Shanmugham et al. [13] also reported nonsteady state nucleation process in KDP solution in the presence of XO4 impurities. Based on the probabilistic approach compared to the nucleation process, the steady state nucleation rate was inversely related to the induction period of the non-steady state time lag, the time of formation of first nucleation. During this study, the calculation of different nucleation parameters for 2 4 CrO  , 2 4 SO  , 2 4 IO  , 1 4 MnO  and impurities were also calculated. 1 4 ClO  In 1999, the nucleation studies of KDP doped by KBr and K 2 Cr 2 O 7 were presented by Mahadevan et al. [14] . They measured induction period by direct vision method and calculated different parameters by classical theory of homogeneous crystal nucleation. It was reported that the critical nucleation parameters increases with a corresponding rise in doping concentration for both the dopants. Dhanaraj et al. performed KDP nucleation crystals study by adding L-arginine mono hydrochloride (LAHCl) in 2008 [15] . For this, the dopant concentration was varied from 1 to 10 mol%. It was found that the meta-stable zone width of KDP was enhanced with the addition of LAHCl. The effect of stirring solution on induction period for precipitation of KDP was studied by Barata and Serrano [16] . They measured induction period as a function of super saturation in the agitation range from 50 to 500 rpm by visual method. The induction periods were constant between 50 to 400 rpm, however, later; it was decreased due to decline in the Kolmogoroff turbulence micro scale.
Solubility Curves
The solubility curves for pure KDP and doped with 0.3 wt% L-arginine, 0.3 wt% L-lysine and 0.3 wt% Lalanine are shown in Figure 2 . It is observed that the solubility of pure and amino acids added KDP increases with an increase in temperature. However, the solubility of doped KDP increases marginal with respect to pure KDP. The solubility of different samples of solution was found in the following order; Pure KDP < (KDP + L-lysine) < (KDP + L-arginine) < (KDP + L-alanine). The variation in the solubility may be due to the difference of solubility of different amino acids.
Nucleationkinetics
Non-steady and steady state nucleation processes are related by the induction period. Through certain processes, the induction period is related to the size and complexity of the critical nucleus which can be affected by external influences. This induction period has been frequently used as a measure of the nucleation rate. The induction period is devoted to nucleus formation and is inversely proportional to the steady state nucleation rate
where, τ is the induction period of the solution at temperature T, V is the molar volume of the crystal, is the interfacial tension, S is the supersaturation ratio (S = C/C * ), N is the Avogadro's number and R is the gas constant.
Equation (1) suggests that the plot of ln against 1/(lnS) 2 is straight line. It can be drawn with slope of 
The interfacial tension of the solid relative to its solution can be calculated as; The energy of formation of a critical nucleus can be calculated from the experimental using following relation.
 
The radius of the nucleus in equilibrium with its solution can be computed as;
The effect of supersaturation on induction period experiments were conducted for various level of supersaturation (S = 1.2 to 1.5) at 35˚C temperature. The data is presented in Table 1 , which shows that the induction period decreases with increase in supersaturation level. Different values of few critical parameters such as the interfacial tension (), the energy of formation (ΔG) and the radius of critical nucleus (r) are calculated using Equations (3), (4) and (5) respectively. Equation (1) suggests a linear nature for plot of lnversus 1/(lnS) 2 can be drawnfor pure, L-arginine, L-lysine and L-alanine doped KDP crystals as illustrated in Figures 3-5 respectively. However the plotted data as depicted in Figures 3-5 is not linear as observed by Shanmugham et al. [12] . Whereas, the linear nature observed above 1.3 supersaturation was used to calculate various nucleation parame ters [12] . The similar results were obtained by Shanmugham [12, 13] . Moreover, the condensation of water nuclei from vapour in the presence of soluble salts like ammonium sulphate and sodium chloride exhibited similar results [17] . The values of different nucleation parameters are listed in Table 1 . This clearly indicates that the radius of critical nucleus decreases as the supersaturation increase. Contrary to this, an increase in energy of formation was observed with corresponding rise in the supersaturation. Similarly, doping of amino acid also results an increases in the interfacial tension. The change in the nature of various parameters due to increase in supersaturation is believed due to change in the solubility of various amino acids and KDP.
Conclusion
The solubility of KDP crystals increases with an increase in temperature. Compared to pure KPD crystal, the solubility of amino acids doped KPD crystal were high at a given temperature. With an increased in the doping level of amino acids, a marginal increase in the induction period for particular supersaturation was observed. This concludes that the doping of amino acids has an ultimate effect on the nucleation process. The values of interfacial tension, formation energy of critical nucleus and radius of critical nucleus were calculated at various supersaturation levels for both pure and doped KDP crystals using classical nucleation theory. It was found that the energy of formation increases and the radius of critical nucleus decreased with a corresponding increase in the supersaturation level. Finally, the values of different nucleation parameters were calculated. We found that these parameters were comparatively larger than amino acids doped KDP crystals. 
